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Effects of locomotion on visual cortex activity

28
Behavioural state has a strong influence on cortical processing [12, 13] . For instance, visual 29 responses in V1 are stronger, more reliable, and less correlated when mice walk or run 30 compared to when they are quietly resting [14] [15] [16] . These effects show similarities to 31 modulation of responses by arousal or attention [17] [18] [19] [20] 9] . Locomotion-related response 32 modulation in visual cortex is thought to be at least partly conveyed by cholinergic input from 33 the basal forebrain, which is activated by projections from the mesencephalic locomotor region SOM cells was also found in other cortical areas [23] [24] [25] and could provide a more general mechanism for state-dependent gain modulation [26] . However, other studies found that SOM 40 cells were activated rather than suppressed by locomotion when animals were exposed to light 41 or visual stimuli [27] [28] [29] . These seemingly disparate findings recently could be reconciled by 42 a cortical circuit model that included interactions between multiple inhibitory cell types [30] .
43
The opposite sign of SOM cell responses during locomotion in different visual contexts 44 emerges from the dynamics of the model due to the change in input drive in the presence or 45 absence of visual input.
46
Neuromodulation by cholinergic and noradrenergic signalling [19, 21, 27] that informs visual processing of the animal's self-motion (see below).
58
Locomotion has further effects on visual responses in V1, including decreased surround 59 suppression and increased spatial sensitivity [16, 36, 37 ]. Together, the described changes might 60 adapt visual processing to the needs of an animal moving through its environment. (ACC) is another major source of long-range input to V1 [47] , and has been shown to convey somatosensory cortex (S1), where higher order thalamic inputs evoke dendritic plateau 109 potentials which are crucial for whisker-evoked LTP [49] . Lesions of the pulvinar (the higher-110 order visual thalamic nucleus) also lead to visual learning impairments [50] suggesting that acetylcholine, which signals behavioural outcome or salience [53] , modifies top-down processing [54] and induces reward-related changes in V1 activity [55, 56] . In addition, after 120 learning, general effects of task engagement or arousal on neuronal responses might also be 121 caused by cholinergic or noradrenergic neuromodulation [19, 27, 57, 58] .
Predictive coding 123
Through experience and learning, the brain builds internal models of the world around us.
124
These models continuously generate predictions about our environment which help to 125 interpret sensory information and thus shape perception, as apparent in various optical 126 illusions which play with our expectations about a visual stimulus [59] (Figure 3a,b) . Hence, 127 visual processing is strongly influenced by internal models and expectations. The theoretical 128 framework of predictive coding [60] [61] [62] postulates that stimulus representation in sensory [68] . These error signals were specific to particular locations in visual space, resulting in 149 mismatch receptive fields [69] . Importantly, these mismatch responses only developed with 150 normal visuo-motor experience [70] and were therefore consistent with prediction error signals, by optic flow via SOM cell-mediated inhibition [70] (Figure 3c ). In the absence of optic flow,
156
SOM cells are less active, inhibition is released, and the continuing optic flow prediction signal 157 therefore induces pyramidal cell firing giving rise to mismatch responses [70] . 
178
Evidence that stimulus expectation strongly influences visual processing is not restricted to primates [78] .
195
This brief review highlights research that has begun dissecting the circuit mechanisms of how * Using two-photon calcium imaging of thalamic projections in V1, this study finds that the lateral posterior nucleus in the thalamus, the mouse homologue of the pulvinar, conveys diverse contextual information to V1, including visuomotor mismatch signals. a, b) Visual illusions illustrating the powerful influence of expectation and internal models on visual perception. a) The yellow lines are the same length, but appear to be different, because of the image perspective and our expectation that objects that are further away appear smaller. b) The squares labeled A and B are of identical color, but appear different, because we take into account the darkening effect of the shadow when judging their brightness. c) Left, schematic depicting how internal models and predictions can inform sensorimotor processing. When a motor command is sent to the motor system, an efference copy of this command is used by a forward model to predict the sensory feedback that will result from the movement. This prediction and the true sensory input are compared, and if they do not match, a prediction error or mismatch signal can be fed back to the model to improve its predictions. Right, the circuit proposed by Keller and colleagues to compute a prediction error in layer 2/3 of V1, specifically for slower than expected or absent optic flow during locomotion. Top-down excitatory projections from ACC/M2 carry the running-related sensory predictions. Running-induced optical flow stimuli activate SOM interneurons which in turn inhibit L2/3 pyramidal cells, cancelling the excitation from the top-down predictions. If optical flow is absent during locomotion, SOM cell inhibition is removed evoking a mismatch response in a subset of pyramidal cells. Image in b), Wikimedia Commons.
